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1. INTRODUCTION
High-energy materials such as alkenes, alkynes, aromatics,
nitrates,1 and cyclics (e.g., JP-102) are widely used as fuels or fuel
additives for applications ranging from scramjets to pulse deto-
nation engines.3 However, despite numerous experimental stud-
ies, considerable uncertainties remain regarding the molecular
level chemical mechanisms underlying the shock ignition, pyr-
olysis, and combustion processes in these systems. Indeed, there
is a need for a kinetic model based on a validated mechanism that
could be used in macroscale simulations of these materials.48
Recently, a new high-energy density hydrocarbon material, 1,
6-dicyclopropane-2,4-hexyne (Figure 1) (synthesized by adding
cyclopropyl acetylene in isopropanol to catalytic cuprous chloride
and tetramethylethylenediamine in isopropanol), has been in-
troduced as a fuel or fuel additive for rockets and marine
vessels.9 This potential fuel or fuel additive would help to ignite
the fuel more easily to provide more energy in the ignition
process. It is expected that this molecule is stable in the
preheating injection so that it can provide more energy for both
ignition and combustion compared with other possible fuel
additives. Our main purpose here is to determine the chemical
mechanisms underlying the pyrolysis and combustion. Is it stable
Figure 1. Structure of 1,6-dicyclopropane-2,4-hexyne.
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ABSTRACT: We report the kinetic analysis and mechanism for
the initial steps of pyrolysis and combustion of a new fuel material,
1,6-dicyclopropane-2,4-hexyne, that has enormous heats of pyr-
olysis and combustion, making it a potential high-energy fuel or
fuel additive. These studies employ the ReaxFF force field for
reactive dynamics (RD) simulations of both pyrolysis and com-
bustion processes for both unimolecular and multimolecular
systems. We find that both pyrolysis and combustion initiate
from unimolecular reactions, with entropy-driven reactions being
most important in both processes. Pyrolysis initiates with extru-
sion of an ethylene molecule from the fuel molecule and is
followed quickly by isomerization of the fuel molecule, which
induces additional radicals that accelerate the pyrolysis process. In
the combustion process, we find three distinct mechanisms for the
O2 attack on the fuel molecule: (1) attack on the cyclopropane,
ring expanding to form the cyclic peroxide which then decom-
poses; (2) attack onto the central single bond of the diyne which
then fissions to form two C5H5O radicals; (3) attack on the alkyne-cyclopropane moiety to form a seven-membered ring peroxide
which then decomposes. Each of these unimolecular combustion processes releases energy that induces additional radicals to
accelerate the combustion process. Here oxygen has major effects both as the radical acceptor and as the radical producer.We extract
both the effective activation energy and the effective pre-exponential factor by kinetic analysis of pyrolysis and combustion from
these ReaxFF simulations. The low value of the derived effective activation energy (26.18 kcal/mol for pyrolysis and 16.40 kcal/mol
for combustion) reveals the high activity of this fuel molecule.
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enough in the preheating/injection process, and how would it
help the ignition? Thus, it is most useful to understand:
(1) the detailed initial mechanisms of pyrolysis and combus-
tion of this material;
(2) the kinetic parameters underlying its performance for
pyrolysis and combustion; and
(3) its mechanism as an ignition enhancer in kerosene or
other regular fuels.
However, neither experimental nor theoretical studies have
yet been published on these systems. In this work, we focus on
the initial mechanism and kinetic analysis for both pyrolysis and
combustion. Future studies will build upon these mechanistic
studies to investigate its role as an additive in kerosene or
other fuels.
For these studies, we use the ReaxFF reactive force field10 for
RD, an approach that has been successfully used in condensed
phases for up to millions of atoms with nanosecond time scale
simulations to predict reasonable reaction mechanisms.11 Recent
applications of ReaxFF RD (reactive dynamics) include high
impact decomposition of high-energy materials (cyclotetra-
methylene-tetranitramine (HMX),12 triaminotrinitrobenzene
(TATB),12 cyclotrimethylenetrinitramine (RDX),13,14 pentaer-
ythritol tetranitrate (PETN),15 and acetone peroxide (TATP)16),
thermal decomposition of polydimethylsiloxane (PDMS),17
pyrolysis of kerogen precursors to form petroleum,18 and pyro-
lysis of lignite precursors to form coal.19
An alternative approach is to use ab initio molecular dynamics
(AI-MD) for RD simulations of reacting systems in which the
electronic wave function is calculated simultaneously with the
motion of the nuclei (often referred to as CarParrinello MD).
AI-MD has been useful for short reactive studies of small reactive
molecules in condensed media (e.g., CH3NO2 for 15 ps). How-
ever, we are interested in following the important initial chemical
processes in far larger reactive systems over a range of tempera-
tures for periods of time of at least 10 ns. Thus, we use ReaxFF.
The ReaxFF force field has previously been applied success-
fully to provide accurate descriptions of the hydrocarbon oxida-
tion process,20 and it has been applied to the combustion kinetics
of JP-10 hydrocarbon fuel.8 These successful applications of
ReaxFF encouraged us to use ReaxFF for studying the pyrolysis
and combustion of 1,6-dicyclopropane-2,4-hexyne, a promising
system for which little detailed information is yet available.
Section 2 describes the details of various ReaxFF RD simula-
tions. Section 3.1 discusses the detailed initial pyrolysis mechan-
isms for the unimolecular model obtained from a series of
ReaxFF RD simulations. In addition, section 3.2 examines multi-
molecular pyrolysis in a series of ReaxFF RD simulations, which
are compared with the unimolecular pyrolysis. In sections 3.3 and
3.4, we investigate the unimolecular andmultimolecular combus-
tion of the fuel material with the appropriate ratio of O2 to yield
complete combustion. All unimolecular simulations, including
both pyrolysis and combustion, were validated by comparing
important reaction steps directly with quantum mechanics
(QM). Finally, in section 3.5 we extract from the ReaxFF RD
trajectories at various temperatures the rate and the activation
energy for both pyrolysis and combustion of 1,6-dicyclopropane-
2,4-hexyne.
2. MODELS AND METHODS
The RD simulations were carried out with the ReaxFF reactive
force field,10 using the same potential functions and parameters
from a recent ReaxFF RD study20 of the initiation mechanisms
and kinetics of pyrolysis and combustion of the JP-10 hydro-
carbon Jet Fuel.8 This ReaxFF was initially developed to describe
the chemistry of simple hydrocarbon molecules. The parameters
were trained and then validated against QM results for important
reactions.10 Further applications using ReaxFF include applica-
tions to high-energy materials, for which ReaxFF also proves to
be consistent with reaction pathways observed in QM, being able
to predict accurately the transition states in HMX,12 TATB,12
RDX,13,14 PETN,15 and TATP16 systems. For combustion systems,
Chenoweth showed that the reactions between (C, H) and O
containing systems are in good agreement with quantum
calculations.20 Furthermore, ReaxFF was used successfully to
model/describe the JP-10 system,8 providing results in good
comparison with experiments and QM calculations. We expect
ReaxFF to be equally accurate for studying the pyrolysis and
combustion processes in our fuel molecule.
In addition, to further validate the results from RD calcula-
tions, we report QM calculations on intermediates in the reaction
pathways observed in the RD simulations and compare the reac-
tion step energies obtained from ReaxFF and QM. These QM
calculationswere calculated at theB3LYP/TZVP21,22 level of theory.
The RD simulations use NVT ensemble dynamics with
periodic boundary conditions (PBC), with temperature control
via a Berendsen thermostat23 (damping constant = 0.1 ps). For
each system, equilibrium calculations were first run at room tem-
perature, and then the system was heated to the target temperature.
During the equilibrium and heating process, the systems were cal-
culated with fixed connectivity to prevent reactions from occurring.
To identify the fragments produced as a function of time
during the simulations, we used a 0.3 bond order cutoff.
Weused the PACKMOLpackage24 to build the structuralmodels.
Table 1. Initial Reactions Observed in ReaxFF Unimolecular Pyrolysisa
aReaction energies (kcal/mol) from ReaxFF and QM are compared.
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All the QM calculations were carried out with TURBOMOLE
5.8 package.25
3. RESULTS AND DISCUSSION
3.1. Unimolecular Pyrolysis. The unimolecular pyrolysis
simulations consider a single fuel molecule described using NVT
ensemble dynamics with a cubic periodic cell with sides of 16.29 Å.
The system was first equilibrated at 300 K for 10 ps using a 0.1 fs
time step and then heated to 2500 K at a uniform rate over a
time of 10 ps. Finally, we carried out NVT RD for another 1 ns at
2500 K using a time step of 0.25 fs. This leads to a pressure of 84
MPa, which could be reached easily in the preheat/injection in
engines.26 To provide proper statistical sampling and an oppor-
tunity to observe a variety of mechanisms, we carried out 10
independent simulations of the unimolecular pyrolysis process.
Table 2. Specific Reactions Observed in Unimolecular Pyrolysis Simulationsb
aThe name of the reactions is named based on the initial reactions, i.e., A1_* refers to one reaction path following the initial reaction InitA. bReaction
energies (kcal/mol) from ReaxFF and QM are compared.
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From the ten independent simulations of pyrolysis with the
unimolecular model, we observed two different initial decom-
position reactions, as shown in Table 1.
• InitA: The initial reaction A involves ring opening of the
cyclopropyl structures to produce two stable molecules:
ethylene and 1,3,5-hexatriyne. This was observed 8 times for
our 10 independent calculations.
• InitB: The initial reaction B starts with isomerization of the
fuel molecule in which the cyclopropyl first opens to form a
biradical intermediate which then transfers a hydrogen atom
to formmore stable intermediates. This was observed twice.
The reaction energy (ΔEr) for InitA is positive (endothermic),
while ΔEr for InitB is negative (exothermic). However, InitA
leads to a much larger increase in entropy (due to desorption of
ethylene) than InitB, as evidenced by the increased preference
for InitA at higher temperature.
In addition to these two initial reactions, we observed many
other reactions in the unimolecular pyrolysis as listed in Table 2.
The name of each elementary reaction reveals the lead initial
reaction, with names of A* referring to the reactions following the
initial reaction InitA and B* referring to the reactions following
the initial reaction InitB. The reaction energies calculated by the
ReaxFF RD method by QM are also listed in Table 2, showing
that most ReaxFF energies are in good agreement with QM
calculations. The exceptions are some radical decomposition
reactions and radicalradical reactions, which seem to be due
to underestimating the energy of radicals in ReaxFF. There are
some differences in reaction energies, but these differences are
mostly for high-energy situations in which radicals exist only for
very short times. The trends in the total energy are consistent
with the QM calculations, validating the accuracy of the ReaxFF
force field.
Table 2 shows that InitB leads to much more complex
reactions than InitA. Here, decomposition of the diyne struc-
ture and abstraction of hydrogen from ethylene are key reac-
tions that start generating H, vinyl, ethinyl, and diyne radicals.
These radicals are very reactive, leading to many new reactions
that ultimately produce many additional stable molecules.
To analyze the various types of elementary reactions in the
pyrolysis process, we classify the observed reactions into two
groups (six different types):
• NoRad: no radicals contained in reactants (Table 3).
• YesRad: radicals are contained in the reactants (Table 4).
The tables show that the dissociation reaction energies for
NoRad are positive (endothermic), leading to less active species,
but with entropy release playing an important role in the py-
rolysis. The reaction energies for the YesRad induced reactions
(radicalþ radical andmoleculeþ radical) are negative (exothermic),
leading to reactive radicals which can lead to a variety of pyrolysis
pathways.
Small species that we observed frequently include ethylene,
1,3,5-hexatriyne, C5 species (C5H4, C5H3, C5H2), and C3
species(C3H3, C3H4), with the highest frequencies for ethylene
and 1,3,5-hexatriyne.
To illustrate the energetics of the unimolecular pyrolysis,
Figure 2 shows the relative energies (with the reactant as the
reference state) for three of the ten pyrolysis simulations. Clearly
the unimolecular pyrolysis reaction pathways are endothermic,
showing the importance of entropy in the pyrolysis.
3.2. Multimolecular Pyrolysis. For multimolecular pyrolysis
simulations, the thermal conditions were the same as for the
unimolecular model. A periodic cubic box with 60 Å sides was
built with 50 fuel molecules to achieve the same density as used in
the unimolecular model. The system was first equilibrated at 300
K for 50 ps with a time step of 0.1 fs and then was heated to 2500
K at a uniform rate over another 10 ps. Then, we carried out RD
for another 100 ps at 2500 K with a time step of 0.25 fs.
Fragment distributions and potential energy profiles with time
for pyrolysis of the multimolecular system are presented in
Figure 3, which shows the changes in the major products and
intermediates in the process of pyrolysis with time at 2500 K.
During the 100 ps simulation, ethylene (C2H4), C2H radical,
acetylene (C2H2), C2 radical, and H2 are the major products,
while 1,3,5-hexatriyne (C6H2) is the major intermediate.
At the beginning of the pyrolysis, the number of fuel molecules
decreases very quickly with the increase of ethylene and 1,3,
5-hexatriyne. We find that the ratio of ethylene and 1,3,5-hexatriyne
is about 2:1 in the first 10 ps. The concentration of 1,3,5-hexatriyne
reaches a maximum at ∼20 ps and gradually decreases in the
remaining time. In the middle of the simulation, a large number of
different radicals appear, with the major species being C4H, C2H,
C2H3, C2, and C4H2, with other minor radicals shown in the figure.
Comparing with the unimolecular pyrolysis reactions in the
last section, we see that the initial steps of multimolecular pyrolysis
Table 3. Reaction Energies (kcal/mol) for Initiation without Radicals (NoRad) in Unimolecular Pyrolysis
isomerization ReaxFF QM molecular dissociation ReaxFF QM molecule þ molecule ReaxFF QM
InitA 37.33 46.10 B1_1 37.82 51.09 -
InitB_1a 33.13 41.92 A1_1 163.04 165.48 -
InitB_2a 40.41 54.79 A1_4 46.13 89.65 -
aRefers to the two-element reactions in InitB reactions.
Table 4. Reaction Energies (kcal/mol) for Initiation with Radical Production (YesRad) in Unimolecular Pyrolysis
radical þ radical ReaxFF QM molecule þ radical ReaxFF QM radical dissociation ReaxFF QM
B1_4 165.54 130.24 A1_2 97.86 60.62 B1_2 149.60 149.97
B2_2 86.20 76.28 B1_3 73.37 66.57
B2_5 156.34 157.52 B2_3 169.46 162.40
B2_8 82.06 110.08 B2_4 81.20 93.36
B2_9 143.53 110.65 B2_6 24.93 60.75
A1_3 87.01 122.69 B2_7 154.62 154.25
4945 dx.doi.org/10.1021/jp110435p |J. Phys. Chem. A 2011, 115, 4941–4950
The Journal of Physical Chemistry A ARTICLE
are mainly the same. Thus, the fuel molecules mostly decompose
to ethylene and 1,3,5-hexatriyne through the initial reaction InitA
in Table 1, and the ratio of these two products in the initial
pyrolysis is also about 2:1. On the other hand, the subsequent
reactions after this initial decomposition are quite different for
the multimolecular system, with distributions of much more
complex species and the appearance of many radicals, indicating
that intermolecular radical reactions play an important role in the
pyrolysis. In addition, the multimolecular pyrolysis is faster than
the unimolecular model with most fuel molecules decomposing
in the 100 ps simulation. This is due to the additional radical
reactions in the multimolecular pyrolysis. In summary, we can
conclude that pyrolysis of fuel starts with unimolecular pyrolysis
with radicals from secondary decompositions accelerating the
process.
Figure 4 shows the major product distributions at the end of
100 ps RD of pyrolysis as a function of temperature. This shows
that C2, C2H2, C2H4, C2H, and H2 increase with increasing
temperature, while the C6H2 peaks in the middle of this range of
temperature, indicating that C6H2 is an important intermediate.
We find that the increasing concentration of C2 compounds at
high temperature dominates the activity of radical reactions at
high temperatures. H2 increases at high temperatures showing
the increased importance of H abstractions and making the H
radical the important radical in the pyrolysis at high temperature.
3.3. Unimolecular Combustion. To study the detailed initial
mechanism of combustion with a unimolecular model, we placed
a single fuel molecule (C10H10) in a cubic periodic box with 20 Å
sides,and added 13 oxygen molecules, leading to an equivalent
ratio of Φ ≈ 1.0. The system was first equilibrated at 300 K for
10 ps with a 0.1 fs time step and heated to 1500 K at a uniform
rate over 10 ps with a 0.25 fs time step in the NVT ensemble.
In the equilibrium and heating processes, the bond interactions
Figure 3. Fragment distributions and potential energy profile of pyro-
lysis of the multimolecular model at 2500 K in 0.1 ps increments.
Figure 2. Relative energies (kcal/mol) of the three pathways observed in ReaxFF unimolecular pyrolysis. The solid line shows the results of QM
calculations at the B3LYP/TZVP level, and the dashed one shows the results of ReaxFF MM calculations.
Figure 4. Major product distributions at the end of the 100 ps simulation
of pyrolysis as a function of temperature.
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between (C, H) and O were turned off to prevent combustion
reactions from occurring. Then we carried out 7 ns of RD at 1500 K
using a 0.25 fs time step. The pressure of the system is about 80
MPa at 1500 K. Again, 10 parallel independent simulations were
carried out to provide proper statistics and the opportunity for a
variety of mechanisms to occur.
We examined unimolecular combustion at 1500 K because
we established that no single fuel molecule decomposition
occurs at this temperature during 10 ns simulations. This
allows the study of the combustion reactions without compli-
cations of pyrolysis. From the ten independent simulations,
Table 5 shows three different initial combustion reactions for the
unimolecular model.
• InitR2: O2 attacks themiddle CCbond of the diyne which
then breaks immediately to form two C5H5O radicals. This
was observed 5 times in our 10 independent simulations.
• InitR1: O2 attacks the cyclopropyl structure to open the
ring, forming a five-membered peroxide ring. This was
observed 3 times in our 10 independent simulations.
• InitR3: O2 attacks the cyclopropyl structure to open the
ring, forming a 7-membered peroxide ring. This was ob-
served 2 times in our 10 independent simulations
Clearly, InitR2 is an entropy-driven reaction, with the rate in-
creasing with temperature.
Many other reactions following the initial reactions observed
in the simulations are listed in Table 6. They are named based on
the leading reaction as R1_*, R2_*, and R3_*. We see from the
table that oxygen attack reactions and radical reactions dominate
the subsequent reactions. Oxygen has a great effect on these reac-
tions since it attacks the intermediates (especially the radicals)
leading to subsequent products generally containing new radicals.
Thus, the oxygen molecule plays the role of a radical acceptor to
stabilize radical intermediates while also generating new radicals that
subsequently can induce other radical reactions to accelerate the
oxidation. In these initial reactions, high concentrations of small
species observed are C10H10O2, C5H5O radical, CO2, CO, CH2O,
and many other CO radicals.
Just as for pyrolysis, we classify the reactions into two groups
(six different types):
• NoRad: no radicals contained in reactants (Table 7).
• YesRad: radical-containing reactions are involved (Table 8).
In contrast with pyrolysis, most reaction energies are negative
(exothermic). Also, we find that some bimolecular reactions
involve oxygen-related reactions.
To follow the energetics in unimolecular combustion, Figure 5
shows relative energies for the three different pathways of
unimolecular combustion. We see that the combustion processes
are all exothermic, indicating that combustion is far easier than
pyrolysis. Here the close comparison between ReaxFF and QM
reaction energies validates the accuracy of the ReaxFF force field.
As with pyrolysis, the total energy trends are in good agreement
with the QM calculations, but again ReaxFF seems to under-
estimate the energies of radicals.
3.4. Multimolecular Combustion. For multimolecular com-
bustion simulations, we used 30 fuel molecules and 390 oxygen
molecules in a cubic box of 62.0 Å side length. This leads to an
equivalent ratio of Φ ≈ 1.0 and the same density as the
unimolecular model. The box was first equilibrated at 300 K
for 10 ps with a 0.1 fs time step and heated to 1500 K in 10 ps with
a 0.25 fs time step using the NVT ensemble. In the equilibration
and heating processes, the bond interactions between (C, H) and
O were turned off to prevent combustion reactions from
occurring. Then, RD at 1500 K was followed for 1 ns using
0.25 fs time steps.
Figure 6 presents the major product and intermediate dis-
tributions in 1 ns of multimolecular combustion simulations,
where O2 and other minor intermediates and products are
omitted. This shows that the fuel molecules are nearly consumed
in 1 ns of RD. The initial intermediates are C10H10O2 and
C5H5O, and the major products are CO2, CO, CH2O, and C2H4.
The potential energy profile is also presented in Figure 6,
showing that multimolecular combustion is exothermic.
Combustion in the multimolecular system leads to initial
reactions similar to the unimolecular system, with most initial
intermediates being C10H10O2 and C5H5O. Table 6 shows that
combustion of this fuel starts from oxygen attack at three possible
attack positions. In addition, the major products CO2, CO, and
CH2O are consistent with the unimolecular model. Nevertheless,
multimolecular combustion is much more complex with many
more radical intermediates appearing in the RD.
It is very interesting that a great deal of ethylene (C2H4) is
generated in multimolecular combustion but not in unimolecular
Table 5. Initial Reactions Observed in Unimolecular Combustiona
aReaction energies (kcal/mol) from ReaxFF and QM are compared.
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combustion. We find that the concentrations of C8H6 and C6H2
are quite minor in the combustion process. This shows that the
C2H4 does not come from the pyrolysis of the fuel molecules but
rather from radical reactions in the combustion process. This
appearance of a great deal of ethylene in combustion of alkynes is
consistent with previous experimental and modeling studies27 on
the combustion of 1-butyne and 2-butyne.
In summary, combustion of 1,6-dicyclopropane-2,4-hexyne
starts from the unimolecular oxidation with oxygen attacking
any one of three different positions on the fuel molecule. This
Table 6. Specific Reactions Observed in Combustion Simulationsb
aThe name of the reactions is based on the initial reactions; i.e., R1_*refers to one reaction path following the initial reaction InitR1. bReaction energies
(kcal/mol) from ReaxFF and QM are compared.
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generates numerous radicals, making the combustion unstable
toward explosion. Combustion generates numerous radicals,
with many CO2, CH2O, and CO generated from the initial or
radical reactions, while a number of C2H4 are generated only
from subsequent radical reactions.
The major product distributions as a function of temperature
are presented in Figure 7. We see that the concentrations of
CH2O, CO2, and C2H4 are not sensitive to temperature, while
the concentrations of H2O, H2, and CO increase with increasing
temperature. This indicates that increased radical reactions occur
at high temperature, especially the destruction of hydrogen
radicals and the oxygen-related reactions.
Comparing with the pyrolysis process, the combustion tem-
perature is much lower, and the process is much faster. Exothermic
combustion is much faster than endothermic pyrolysis. The
reactions of both pyrolysis and combustion start from the uni-
molecular reactions, and the unimolecular pyrolysis/combustion
generates many radicals to accelerate the pyrolysis/combustion
process.
3.5. Kinetic Analysis of Pyrolysis and Combustion. To
investigate the kinetic properties for pyrolysis and combustion,
we carried out RD on themultimolecular models of pyrolysis and
combustion for several temperatures. We used the range of
16002500 K in 100 K steps for the pyrolysis kinetic analysis
and the range of 15002000 K in 100 K steps for the combustion
model. These simulations were carried out for 100 ps at each
temperature with a 0.25 fs time step for the pyrolysis model and
for 1 ns with a 0.25 fs time step for the combustion model.
Table 7. Reaction Energies (kcal/mol) for NoRad Unimolecular Combustion
isomerization ReaxFF QM molecular dissociation ReaxFF QM molecule þ molecule ReaxFF QM
R1_6 65.26 57.16 R1_1 26.84 15.92 InitR1 40.56 28.42
R1_3 61.88 52.94 R1_2 39.14 28.36
R1_8 30.99 9.45 InitR2_1a 48.40 51.53
InitR2_2a 49.75 38.26 R2_3 33.24 33.29
InitR3 11.54 8.17
R3_1 41.00 22.21
R3_6 15.46 22.44
aRefers to the two-element reaction of InitR2.
Table 8. Reaction Energies (kcal/mol) Classified for YesRad Unimolecular Combustion
radical þ radical ReaxFF QM molecule þ radical ReaxFF QM radical dissociation ReaxFF QM
R1_7 26.26 70.48 R1_4 19.61 6.24 R1_9 21.55 24.02
R1_10 76.40 91.14 R2_1 50.45 38.92 R2_2 17.80 36.97
R3_5 39.73 41.81 R3_2 84.31 112.62 R3_3 2.90 25.04
R3_7 75.26 88.05 R3_4 7.40 24.48
Figure 5. Relative energies of the three combustion pathways from ReaxFF RD. The solid line is the result of quantum chemistry calculation, and the
dashed one is the result of ReaxFF calculation.
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The log of the initial rate of the loss of fuel molecules is plotted
versus (1/T) in Figure 8 for both pyrolysis and combustion. We
observe first-order kinetics that are fit reasonably well to a single
Arrhenius function, allowing us to extract an effective activation
energy Ea and pre-exponential factor A.
Figure 8 shows that pyrolysis of 1,6-dicyclopropane-2,4-hexyne
leads to Ea(pyr) = 26.18 kcal/mol, which can be compared to the
0 K endothermicity from ReaxFF of 37.33 kcal/mol for the
NoRad process of direct abstraction of one ethylene from the fuel
molecule and 37.82 kcal/mol for abstraction of ethylene from the
fuel molecule after the isomerization. We would expect the
temperature change in ΔH to be ΔCp*T or 4RT which would
lead to δΔH = 19.87 kcal/mol at 2500 K, leading to a total of
∼57 kcal/mol. This is 1.2 times larger than observed, suggesting
that the decompositions are not fully unimolecular.
The pre-exponential factor derived from the pyrolysis simula-
tions is A = 7.38 1011. Assuming unimolecular decomposition,
transition state theory leads to A = (kBT/h)exp(ΔS/R) where
ΔSq =5.43 eu. This negative activation of entropy is consistent
with the TST for multimolecular reactions, suggesting that
the reaction involves a multimolecular transition state. This
pre-exponential factor combines unimolecular decomposition
(that could be treated with RRKM theory), collisional activation,
and the effective entropy change for the typical decomposition.
For combustion of 1,6-dicyclopropane-2,4-hexyne, Figure 8
leads Ea(comb) = 16.40 kcal/mol, with a pre-exponential factor
ofA = 5.52 1011.We expect a lower Ea for combustion sinceO2
can stabilize the initial steps of bond breaking and since the initial
reaction steps are far more exothermic.We can compare the Ea to
the initial reaction step at 0 K of InitR1, InitR2, and InitR3 for the
three different oxygen-attack positions. Correcting for tempera-
ture, this would lead to 2.19 kcal/mol at 1500 K. Assuming
TST, we can extractΔSq =10.29 eu, which shows the decrease
of entropy at the transition state because of the oxygen attack.
4. CONCLUSION
We have investigated the initial mechanisms of pyrolysis and
combustion of the 1,6-dicyclopropane-2,4-hexyne fuel molecule
using ReaxFF RD.
For pyrolysis, we find that the endothermic, entropy-driven
abstraction of ethylene from the fuel molecule is the most im-
portant initial step. We also observe isomerization of the fuel
molecule as an occasional initial reaction (20%). Although not
the main reaction, this latter mechanism produces radicals that
have a great effect on multimolecular pyrolysis. Briefly, the
pyrolysis process starts from the unimolecular decomposition
and isomerization, and the generated radicals accelerate the sub-
sequent pyrolysis reactions. We find that C6H2 is an important
intermediate and that major products from 100 ps RD are C4H,
C2H, C2H3, C2, and C4H2.
Combustion occurs from three different initial oxygen-attack
reactions.
1. InitR2: O2 attack on the CC single bond of the diyne is
preferred. This entropy-driven combustion starts from
unimolecular oxidation, generating many radical species,
and leading to explosive combustion. In this process, oxy-
gen serves both as a radical acceptor and as a radical pro-
ducer, which dramatically increases the combustion rates.
Major products observed in 1 ns simulations are CO2,
Figure 6. Fragment distributions and potential energy profile of multi-
molecular combustion at 1500 K in 0.1 ps increments.
Figure 7. Product distributions at the end of 1 ns RD combustion as a
function of temperature.
Figure 8. Kinetic analysis of pyrolysis and combustion. Black is for the
pyrolysis, and red is for the combustion. The activation energy of
pyrolysis and combustion is 26.18 and 16.40 kcal/mol, respectively,
and the pre-exponential factors of pyrolysis and combustion are 7.38 1011
and 5.52  1011, respectively.
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CH2O, CO, and C2H4. Here we found ethylenes generated
from the radical reaction but not the pyrolysis attack on the
cyclopropane ring, expanding to form the cyclic peroxide.
2. InitR1: O2 attacks the cyclopropyl structure to open the
ring forming a five-membered peroxide ring.
3. InitR3: O2 attacks the cyclopropyl structure to open the
ring forming a seven-membered peroxide ring.
The effects of temperature on pyrolysis and combustion were
considered. Here we found that at high temperature more
radicals would be generated and that H abstractions are sensitive
to the temperature.
Activation energy and pre-exponential factor of pyrolysis and
combustion were obtained from the kinetic analysis. The activa-
tion energies of pyrolysis and combustion are very low, making
both pyrolysis and combustion fast.
In addition, the reaction energies of unimolecular models were
validated by the QM method, and the consistent results show
that the ReaxFF force field is very accurate for investigating the
pyrolysis and combustion process.
This success in using a previously derived ReaxFF to study the
pyrolysis and combustion of a new fuel validates this ReaxFF
approach for designing new fuels, perhaps to reduce the sensi-
tivity while maintaining high exothermicity.
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